Baugh LA, Hoe E, Flanagan JR. Hand-held tools with complex kinematics are efficiently incorporated into movement planning and online control. J Neurophysiol 108: 1954 -1964 , 2012 . First published July 5, 2012 doi:10.1152/jn.00157.2012.-Certain hand-held tools alter the mapping between hand motion and motion of the tool end point that must be controlled in order to perform a task. For example, when using a pool cue, the motion of the cue tip is reversed relative to the hand. Previous studies have shown that the time required to initiate a reaching movement (Fernandez-Ruiz J, Wong W, Armstrong IT, Flanagan JR. Behav Brain Res 219: 8 -14, 2011), or correct an ongoing reaching movement (Gritsenko V, Kalaska JF. J Neurophysiol 104: 3084 -3104, 2010), is prolonged when the mapping between hand motion and motion of a cursor controlled by the hand is reversed. Here we show that these time costs can be significantly reduced when the reversal is instantiated by a virtual hand-held tool. Participants grasped the near end of a virtual tool, consisting of a rod connecting two circles, and moved the end point to displayed targets. In the reversal condition, the rod translated through, and rotated about, a pivot point such that there was a left-right reversal between hand and end point motion. In the nonreversal control, the tool translated with the hand. As expected, when only the two circles were presented, movement initiation and correction times were much longer in the reversal condition. However, when full vision of the tool was provided, the reaction time cost was almost eliminated. These results indicate that tools with complex kinematics can be efficiently incorporated into sensorimotor control mechanisms used in movement planning and online control. movement planning; movement correction; sensorimotor control; tool use; visuomotor reversal RESEARCH EXAMINING THE ABILITY of humans to modify and adjust motor performance during periods of altered visual feedback dates back over one hundred years to early prism work by Helmholtz (1867 Helmholtz ( /1962 . These early studies demonstrated that people can adapt to distortions introduced through
persistent reaction time cost, regardless of the amount of practice, associated with overriding the default mapping between the outer world and motor commands if the distortion involves a reversal between spatial mappings and motor commands (Cunningham 1989; Hommel 1993; Newport et al. 2006) . Within the field of cognitive psychology, such a mismatch between the spatial location of a target stimulus and the spatial location of the required response (a stimulus-response incompatibility) has been known to increase reaction times for over 50 years (Fitts and Seeger 1953; Kornblum et al. 1990; Simon 1990) . Previous research has demonstrated that much of the reaction time cost associated with situations in which the mapping between motor commands and their visual consequences has been reversed can be removed by providing participants with an understanding of a mechanical relationship between the intended movement direction and hand movement (Guiard 1983; Hommel 1993; Riggio et al. 1986; Sulzenbruck and Heuer 2012) . For example, in conditions in which participants had to track a horizontally moving target with a cursor moved to the left by pushing a knob right and vice versa, performance was impaired. However, in the same study, if participants were aware that the knob was mounted on the bottom of a steering wheel they had significantly less difficulty tracking the target than when knowledge of the wheel was withheld (Merz et al. 1981) . That is to say, the presence of a tool can resolve a scenario that previously resulted in a stimulus response incompatibility, reducing reaction times.
These findings demonstrating a removal of motor preparation costs fit well with research examining how novel tools are incorporated into the body schema. For a century, researchers have speculated that manipulated objects are incorporated into a constantly changing representation consisting of somatosensory and visual information that is used for acting upon our environment (Head and Holmes 1911) . Recent work has established that extended tool use can change both the user's perceptual representation of peripersonal space (Berti and Frassinetti 2000; Farne et al. 2005; Witt et al. 2005 ) and neuronal activity of cells within premotor and parietal regions that respond to both somatosensory and visual information (Inoue et al. 2001; Maravita and Iriki 2004; Obayashi et al. 2001) as well as cells within primary somatosensory cortex (Schaefer et al. 2004) . Within humans, increased neuronal activity within primary somatosensory cortex and parietal regions has been associated with short-term (e.g., 10 min) tool use. Immediately after tool use, neuronal activity quickly returns to pre-tool use levels (Inoue et al. 2001; Schaefer et al. 2004) . Combining these two bodies of literature, the incorporation of tools into the body schema and the ability of tools to eliminate stimulus-response incompatibilities, one could predict that the incorporation of tools may occur at a level accessible to reflexlike behaviors.
The aim of this study was to examine whether tools with complex kinematics are incorporated into the body schema at a level used in rapid online modifications of movement trajectories. To accomplish this, we utilized a target jump paradigm in which there is a sudden displacement of the movement target shortly after the onset of movement. Previous research has shown that under normal circumstances short-latency reflexlike corrections of hand movement to accommodate the new target location are observed (Desmurget et al. 1999; Goodale et al. 1986; Gritsenko et al. 2009; Pisella et al. 2000; Prablanc and Martin 1992; Sarlegna et al. 2003) . However, when reaching under a visuomotor reversal, rapid online corrections are selectively suppressed, resulting in delayed corrections, or do not take into account the required visuomotor transformation, resulting in direction errors (Gritsenko and Kalaska 2010) . The work of Gritsenko and Kalaska (2010) supports the presence of two error-correction pathways, each associated with different delays in correction times (Day and Lyon 2000) . The first, short-latency system appears unable to accommodate arbitrary sensorimotor mappings. In comparison, the long-latency system is able to apply arbitrary mappings between sensory input and motor output. When responding to a sudden jump in target location under an arbitrary sensorimotor mapping, the shortlatency system's response must be suppressed, allowing the long-latency mechanism to correct the movement trajectory, resulting in a delayed corrective response. If the short-latency system is not suppressed, erroneous trajectory corrections will occur. Although it is not entirely clear how this suppression occurs, two plausible hypotheses are presented. First, the suppression could occur because of an explicit attempt of the participant to suppress the online corrective mechanism, as the behavioral consequences are detrimental to task performance. A second hypothesis is that a disruption in neural computations occurs as a result of the nonveridical relationship between proprioceptive and visual information and motor commands (Gritsenko and Kalaska 2010) . Although the present study cannot dissociate between these theories, if, as hypothesized, complex tools are incorporated into motor plans at a low level of motor planning, one would predict a restoration of the short-latency system in response to a jump in target location under either explanation.
The first experiment was designed to test whether the temporal costs associated with initiating movement during a reversal between hand motion and motion of a controlled cursor can be reduced when the reversal is instantiated by a virtual tool. The tool consisted of a rod that translated through, and rotated about, a pivot point. Participants grasped the near end and were required to move the far end to targets presented to the left or right. In light of previous research using mechanical tools (Guiard 1983; Hommel 1993; Merz et al. 1981; Riggio et al. 1986; Sulzenbruck and Heuer 2012) , we expected that vision of the virtual tool would reduce response preparation costs below what would be observed without vision of the tool, during conditions of visuomotor reversal. The second experiment was performed to test the novel hypothesis that vision of the tool would facilitate fast online movement corrections in response to a sudden jump in target position at movement onset; corrections were expected to be suppressed or erroneous without vision of the tool, in light of previous research demonstrating that during conditions in which a visuomotor reversal is present fast corrective mechanisms often lead to erroneous responses (Day and Lyon 2000) .
MATERIALS AND METHODS

Participants
All experimental procedures were approved by the Queen's University General Research Ethics Board, and all participants provided informed consent. Participants performed the experiment with their dominant right hand, as assessed by a modified Edinburgh handedness inventory (Oldfield 1971) . Sixteen undergraduates (7 men, 9 women; age 17-22 yr, mean ϭ 19 yr) participated in experiment 1 and performed each of the three conditions (control, visible, nonvisible) in both a reversal and a nonreversal block. Seven participants were recruited from the general university population (4 men, 3 women; age 19 -36 yr, mean ϭ 23 yr) for experiment 2 and performed in two experimental conditions that varied the presence of vision (visible vs. nonvisible) and in a control condition in which no visuomotor transformation was required. Because of the effect sizes observed in experiment 1, and the omission of comparisons examining the order in which the visible tool was presented, the number of participants required for experiment 2 was determined to be approximately half of what was required for experiment 1. All participants received $10 compensation for their participation.
Apparatus
Participants were seated on an adjustable chair and grasped a vertical handle attached to a lightweight (290 g) manipulandum (Phantom Haptic Interface 3.0L, Sensable Devices). The handle slid along the horizontal surface on air sleds, which allowed for near frictionless movement in a horizontal plane. Hand position was sampled at a rate of 1,000 Hz by encoders on the manipulandum. Visual stimuli (see below) were projected onto a screen by a CRT projector (Electrohome 9500 Ultra) at a refresh rate of 120 Hz. Participants viewed the screen via a mirror located midway between the screen and the horizontal plane of the handle, resulting in the visual stimuli appearing in the same plane as the handle. A participant's view of both his/her arm and hand was occluded (Fig. 1A) . The tool was made visible by including visual information regarding the linkage of the hand cursor and tool-tip.
The virtual tool consisted of a rod (300 mm in length) connecting two circles (20 mm in diameter) (Fig. 1B) . Participants "grasped" the tool by moving the handle of the manipulandum to the near circle, defined as the grasp point. There was a 1 to 1 relationship between hand and tool movement (that is, there was no gain applied to hand movements). Once the tool was grasped, the circle representing the grasp point moved with the handle. The far circle represented the tool-tip, and participants were required to move the tool-tip to targets.
In experiment 1, in which participants were required to move the tool-tip to targets presented to the left or right, the rod either translated left and right or rotated about a central pivot point. The far circle representing the tool-tip only moved left or right. Thus, when the rod rotated, the far circle slid along the rod. Participants controlled the left-right position of the tool-tip by moving the grasp point, which could also slide along the rod, sideways. Because the grasp point could slide along the rod, hand movements in the anterior-posterior direction were possible, although very little motion in this direction was observed.
In experiment 2, in which participants were required to move the tool-tip to targets presented on an arc distal to the start position of the tool-tip, the circles representing the grasp point and tool-tip were fixed to the rod. The rod either translated with the hand (nonreversal condition) or translated through and rotated about a pivot point, such that there was a left-right reversal between the grasp point and tool-tip. In both cases, the tool-tip could move in both the x and y dimensions.
Procedure
Experiment 1. The participants completed a block of 100 trials in each of four different "tool" conditions ( Fig. 1, C-F ) in which the rod was either visible or nonvisible and the visuomotor mapping between hand movement and movement of the tool-tip was either normal or reversed. In all four conditions, there was an offset between the grasp point and tool-tip. Participants were instructed to perform the task as quickly, but as accurately, as possible and were given no information about the movement of the tool or the visual information that would be presented. At the start of each trial, the participant placed the handle of the manipulandum in the center of the grasp point, at which time the motion of the grasp point was locked to the motion of the handle. At the starting position, the hand position and tool end point were 300 mm apart, with the pivot point being located 150 mm from both the hand and tool-tip. The target location was pseudorandomly presented on the left or right side of the tool-tip at three horizontal eccentricities (35 mm, 55 mm, and 75 mm). A complete trial consisted of moving the center of the tool-tip within 10 mm of the center of the target, at which time the target changed color to signal target contact, and then returning back to the start position.
Participants also completed a block of 100 trials in each of two control conditions in which a cursor (circle 20 mm in diameter) was controlled by the handle and the handle position was vertically aligned with the cursor position ( Fig. 1, G and H) . At the start of each trial the participant moved the handle to the center of the cursor, at which point the motion of the cursor was locked to motion of the handle. Targets were pseudorandomly presented to the left or right of the cursor at the same three eccentricities used in the tool conditions. In the nonreversal block the participant had to move the handle toward the target to hit it with the cursor (Fig. 1, C , E, and G), whereas in the reversal block the participant had to move the hand in the opposite direction of the target to hit it with the cursor (Fig. 1, D , F, and H) . Movement within the anterior-posterior direction was recorded but did not impact the displayed cursor location. This scenario best matched the tool conditions previously described, in which anterior-posterior movement did not impact the tool-tip location. The purpose of the control condition was to establish the baseline reaction times under both reversed and nonreversed conditions.
Half of the participants were randomly assigned to experience the two nonvisible tool conditions and two control conditions first, with the order randomized, followed by the two visible tool conditions, with block presentation randomized: visible nonreversal and visible reversal. The remaining 50% of participants experienced the two visible conditions and the control first and the nonvisible conditions while seated, participants held a handle attached to a lightweight manipulandum. The handle was mounted on air sleds and easily moved over a horizontal glass surface. An image was projected onto a screen via a 45°mirror and viewed by the participant in a semisilvered mirror. This image appears at a height corresponding to the top of the handle. C, E, and G: nonreversal conditions in which the participant moved the hand toward the target. D, F, and H: reversal conditions in which the participant moved the hand away from the target. C and D: visible tool conditions in which the participant moved the tool-tip to the target either by translating the tool (C), in which case the hand moved toward the target, or by rotating the tool about a pivot point (D), in which case the hand moved away from the target. E and F: nonvisible tool conditions are the same as the visible tool conditions, except that the tool and pivot point are not presented. G and H: control condition in which the participant moved the grasp point (without the tool) to the target by moving the actual hand either toward (G) or away from (H) the target.
afterwards. Before the start of each block, participants were given a practice block of 20 trials to allow familiarization with the experimental apparatus and to learn the movement required to control the cursor. The practice trials were identical to the experimental trials. The complete experiment took ϳ45 min to complete, and participants were given the opportunity to take breaks between blocks.
Experiment 2. Participants were instructed to perform the task as quickly, but as accurately, as possible and were given no information about the movement of the tool or the visual information that would be presented. Participants were required to move the tool-tip from its initial position to a target pseudorandomly presented at one of three positions on a circular arc of 20-cm radius located 15 cm from the pivot point (Fig. 2A) . The target locations were straight ahead and Ϯ30°from straight ahead. The initial position of the tool-tip was located 5 cm straight ahead from the pivot point. On 20% of trials, the target abruptly changed location 10°left or right when the tangential velocity of the handle exceeded 150 mm/s (i.e., movement onset). At the start of each trial the participant moved the handle to the center of the grasp point, at which point the motion of the grasp point was locked to motion of the handle. A complete trial consisted of moving the center of the tool-tip within 10 mm of the target and returning back to the start position.
The participants were exposed to three different conditions (see Fig. 2A ). In the tool visible and tool nonvisible conditions the rod translated through and rotated about a pivot point, whereas in the visible nonreversal condition, the tool translated with the hand. There were 200 experimental trials in each of the conditions, and all blocks were preceded by 20 practice trials to allow the participant to discover the movement required to control the cursor and hit the target. Practice trials were identical to the experimental trials in terms of the movement of the tool and the visual information presented; however, there were no target jumps present in the practice trials. To prevent the carryover effects of vision observed in experiment 1, all participants began the experiment with the nonvisible condition. The complete experiment took ϳ45 min to complete.
Data Analysis
Tool-tip, grasp point, hand cursor, and target positions as well as trial timing information and hand velocity were collected and saved onto a Dell Pentium III computer. Hand velocity was computed as the resultant of the x and y hand positions smoothed by a low-pass Butterworth filter with a cutoff frequency of 14 Hz. Experiment 1. Movement onset was identified when the hand velocity exceeded Ϯ50 mm/s. Reaction times were identified as the time between target onset and movement onset. Trials in which reaction time was Ͻ150 ms were classified as early responses and not included in the data analysis. The initial direction of movement (left or right) of the tool-tip or cursor was determined from the sign of the velocity in the left-right direction at movement onset. Trials in which Fig. 2 . Experiment 2 task. A: participants moved the tool-tip to 1 of 3 targets under 3 conditions. In the visible condition, the tool moved through, and rotated around, a central pivot point. The nonvisible condition was identical, except that the bar and pivot were not visible. In the control condition, the tool translated. In 20% of the trials, the target jumped to the left or right on movement onset. B: the onset of a movement correction in a target jump trial was taken as the time at which the movement path deviated laterally by Ͼ2 SD from the mean of trials without a target jump. Typical movement trajectories in each of the 3 conditions and their corresponding movement corrections are provided. Note that an inaccurate movement correction is demonstrated in the movement path of the nonvisible reversal condition. the initial direction of movement of the tool-tip or cursor was not toward the target were categorized as errors and not included in the analyses of reaction time.
Experiment 2. For all conditions, the end of movement was defined as when the center of the tool-tip was within 10 mm of the center of the target location (corresponding to the tool-tip and target overlapping in the visual display). A trial-by-trial analysis was performed on trials in which the initial target was presented at the straight-ahead position and unexpectedly jumped location left or right. The direction of the initial correction was classified as either correct (moving the tool-tip toward the target in the horizontal axis) or incorrect (moving the tool-tip away from the target in the horizontal axis) by overlaying each trial's movement trajectory on the corresponding mean trajectory from the control condition. A trajectory correction was considered to have occurred when the movement trajectory went beyond the 95% confidence interval of the mean trajectory from the control condition (see Fig. 2B ) and remained outside of this confidence interval until the target was acquired. Trials in which a correction was not detected, or where corrections were detected earlier than 100 ms after the target jump, were treated as missing data and not included in further analyses (this resulted in the elimination of 7% of all target jump trials). Both the time of correction relative to movement onset and the direction of correction were recorded.
For both experiments, means for each participant were computed for each dependent variable. Percentage data were inspected to ensure that data transformation was not required before submission to further statistical testing. A P value of 0.05 was considered to be statistically significant.
RESULTS
Vision of a Tool Decreases Reaction Time During Visuomotor Reversal (Experiment 1)
Data from trials in which the initial direction of movement was away from the target (6.5% of trials) or those in which reaction time was Ͻ150 ms (1.7% of trials) were not included in the analysis. Main effects and interaction terms were assessed by repeated-measures analysis of variance (rANOVA). When indicated as necessary by the omnibus F-tests, corrected (Sidak) pairwise comparisons were made.
Control condition. Within the control condition there was a main effect of reversal, where the mean reaction time in the nonreversal block (mean ϭ 306 ms, SD ϭ 38) was significantly faster than the mean reaction time in the reversal block (mean ϭ 409 ms, SD ϭ 42) [F(1,14) ϭ 99.96, P Ͻ 0.001] (Fig. 3A) . To ensure that the reaction time benefits observed in the nonreversal block were not a result of a decrease in accuracy, an examination of directional error was performed. Relatively few direction errors were made. Across participants, the average percentage of trials in the control condition without a direction error was 91%. There was a main effect of reversal, with fewer directional errors in the nonreversal block (mean ϭ 96% correct, SD ϭ 2.4) than in the reversal block (mean ϭ 87% correct, SD ϭ 8.3) [F(1,14) ϭ 9.18, P Ͻ 0.001] (see Fig. 3B ). It is therefore likely that the additional reaction time observed within the reversal block enabled participants to limit the number of direction errors committed.
Experimental conditions. Main effects and interaction terms were assessed by rANOVA. When indicated as necessary by the omnibus F-tests, corrected (Sidak) pairwise comparisons were made. In assessing reaction times, a significant three-way (order ϫ reversal ϫ vision) interaction [F(1,14) ϭ 6.213, P Ͻ 0.0026] was observed. Therefore, simple-effects tests were conducted on reaction times within each order.
In order 1, where the nonvision conditions were shown first, a significant interaction between reversal and vision was found [F(1,7) ϭ 7.40, P ϭ 0.030], characterized by a larger effect of vision in the reversal conditions than in the nonreversal conditions. That is, in order 1 vision markedly decreased the reaction time cost within the reversal block but had a relatively small effect on reaction time in the nonreversal block (see Fig.  3C ). Simple-effects tests revealed a main effect of reversal on reaction time [F(1,7) ϭ 46.78, P Ͻ 9.001], characterized by faster reaction times within the nonreversal blocks (mean ϭ 367 ms, SD ϭ 46) compared with the reversal blocks (mean ϭ 444 ms, SD ϭ 72). Finally, a main effect of vision was also observed, with reaction times in the vision condition (mean ϭ 383 ms, SD ϭ 51) being faster than in the no-vision condition (mean ϭ 428 ms, SD ϭ 82) [F(1,7) ϭ 11.18, P ϭ 0.012].
In order 2, there was no effect of vision (P ϭ 0.412) and no reversal ϫ vision interaction was present (P ϭ 0.738) (Fig.  3D) . However, where the vision conditions were shown first, there was a main effect of reversal [F(1,7) ϭ 79.14, P Ͻ 0.001], characterized by faster reaction times within the nonreversal blocks (mean ϭ 318 ms, SD ϭ 26) compared with the reversal blocks (mean ϭ 409 ms, SD ϭ 40). These results suggest that when participants had previously viewed the tool they could still exploit knowledge of the linkage between hand and tool-tip motion when performing the reversal task without the visible tool.
Across participants, 9% of trials contained a directional error. A main effect of reversal on direction error was observed [F(1,14) ϭ 9.176, P ϭ 0.009], with participants moving in the incorrect direction more often in the reversal block (12%, SD ϭ 7) than in the nonreversal block (7%, SD ϭ 8).
Time-based analysis of errors. To examine the issue of practice effects within the task, reaction times were binned into blocks of 10 successive trials (including 2 blocks of practice trials) and a series of Bonferroni-corrected paired-samples t-tests between each block and its predecessor were conducted (starting with the second time block) until no significant difference was found (suggesting performance had stabilized). The visible reversal, nonvisible reversal, and nonvisible nonreversal trial types demonstrated evidence of practice effects across blocks. For both the visible reversal and nonvisible nonreversal trials, performance had stabilized after 20 trials. For the nonvisible nonreversal trial type, performance stabilized within 10 trials. For all other conditions, performance had stabilized within the first 10 trials (Fig. 3E) .
Vision of a Tool Restores Rapid Online Corrections During Visuomotor Reversal (Experiment 2)
Main effects and interaction terms were assessed by rA-NOVA. When indicated as necessary by the omnibus F-tests, corrected (Sidak) pairwise comparisons were made.
Movement correction time. The movement correction time data for trials in which the initial correction was made in the horizontally appropriate direction were separated into groups based on condition (visible reversal, nonvisible reversal, visible nonreversal) and can be seen in Fig. 3F . Frequency distributions of correction times of correct responses (pooled across all participants) are shown in Fig. 4, A-C . A one-way Fig. 3 . Tool use and movement initiation. A: mean reaction time across participants in the control condition. The reversal produced a reaction time cost of ϳ100 ms. B: mean % of correct trials across participants in the control condition. Nonreversal conditions were performed significantly more accurately. C: mean reaction times across all participants in order 1 for the tool visible and tool nonvisible conditions. In the reversal conditions, viewing the tool reduced reaction time to values similar to those obtained in the nonreversal conditions. D: mean reaction times across all subjects in order 2 for the tool visible and tool nonvisible conditions. When the tool was displayed first, the benefit carried over to the tool nonvisible condition. E: learning curves for the experimental and control conditions of experiment 1. Performance in all groups had stabilized within 20 trials of exposure. F: mean correction times in the 3 conditions of experiment 2. Significant differences in reaction time were observed between the nonvisible and control conditions. G: mean % of correction errors (movements in the incorrect direction) in the visible and nonvisible reversal conditions of experiment 2. There were no errors in the visible nonreversal condition. Significant differences were found between the nonvisible and visible conditions. Error bars represent ϮSE. *Significance at the P Ͻ 0.05 level.
rANOVA demonstrated a significant main effect of condition [F(2,12) ϭ 6.34, P ϭ 0.013]. Bonferroni pairwise comparisons revealed a significant difference (P ϭ 0.028) between the nonvisible reversal condition (mean ϭ 634 ms, SD ϭ 204) and the visible nonreversal condition (mean ϭ 423 ms, SD ϭ 49). However, no difference was observed between the visible reversal condition (mean ϭ 454 ms, SD ϭ 54) and the visible nonreversal condition (P ϭ 0.143). Thus vision of the tool dramatically decreased the time required to initiate online movement corrections (in response to target jumps) during the reversal. Moreover, performance was similar to that seen without a reversal.
Correction direction errors. The percentages of direction errors in the visible reversal and nonvisible reversal conditions are shown in Fig. 3G . The data from the visible nonreversal condition are not shown because participants made zero errors in the direction of initial movement trajectory correction. A one-way rANOVA (visible reversal vs. nonvisible reversal) revealed a significant effect of condition [F(1,6) ϭ 55.46, P Ͻ 0.001], with a greater proportion of initial corrections in the incorrect direction in the nonvisible trials compared with the visible trials where vision of the tool was presented (54%, SD ϭ 14 vs. 25%, SD ϭ 14).
To further quantify the effects of tool visibility on the accuracy of corrections, and to confirm that early correction errors in the nonvisible trials were likely to be erroneous, the direction error was further split into two groups (early vs. late) based on the time of correction within a trial using a mean split (Fig. 4D) . A 2 (visible vs. nonvisible) ϫ 2 (early vs. late) rANOVA revealed significant effects of both condition [F(1,6) ϭ 16.41, P ϭ 0.008] and time [F(1,6) ϭ 15.63, P ϭ 0.007]. Therefore, participants in the nonvisible condition were more likely to make movements in the incorrect direction, regardless of the time of correction. Additionally, the corrective action was more likely to be toward the new target location if the correction occurred later in the trial for both groups of participants.
Movement duration and duration of corrective movements. Further analyses were conducted on the movement duration and the duration of the corrective movement. A significant effect of condition was observed for both movement duration [F(2,12) ϭ 58.75, P Ͻ 0.001] and the duration of the corrective response [F(2,12) ϭ 21.79, P Ͻ 0.001]. Bonferroni-corrected pairwise comparisons revealed that movement duration in the nonvisible reversal condition (mean ϭ 1,417 ms, SD ϭ 358 ms) was significantly longer than that in either the visible reversal condition (mean ϭ 712 ms, SD ϭ 169 ms) or the visible nonreversal condition (mean ϭ 598, SD ϭ 155 ms) (P Ͻ 0.001 in both cases). However, no difference was observed between the visible reversal condition and the visible nonreversal condition (P ϭ 0.06). Pairwise comparisons between durations of the corrective response revealed the same pattern of results. The duration of the corrective movement in the nonvisible reversal condition (mean ϭ 782 ms, SD ϭ 350) was significantly longer than that in either the visible reversal condition (mean ϭ 257 ms, SD ϭ 130 ms) (P ϭ 0.006) or the visible nonreversal condition (mean ϭ 175 ms, SD ϭ 120 ms) (P ϭ 0.010). However, no significant difference (P ϭ 0.526) was observed between the visible reversal condition and the visible nonreversal condition.
Time-based analysis of errors. To examine the issue of practice effects within the task, for each condition a series of Bonferroni-corrected paired-samples t-tests between each trial in which a target jump occurred and the preceding target jump trial were conducted on movement correction times (starting Fig. 4 . Error rates as a function of the time of correction. A-C: frequency distributions by trial time of correct trajectory modifications for the visible nonreversal condition (A), nonvisible reversal condition (B), and visible reversal condition (C). Data pooled across participants. Both the mean and modal correction times occurred later in the trial in the nonvisible reversal condition than in the other 2 conditions. D: corrections were classified as either early (occurring before the mean correction time) or late (occurring after the mean correction time). Significant effects of both condition (tool visible vs. nonvisible) and time of correction (early vs. late) were observed on error rate. Vertical bars represent SE.
with the second jump trial) until no significant difference was found between these two trials (suggesting performance had stabilized). No significant differences were found across jump trials in any of the conditions.
DISCUSSION
The present study demonstrates that the presence of a virtual tool can reduce the temporal costs associated with response preparation during a visuomotor reversal (experiment 1) and can restore movement correction times in response to a sudden displacement in target location performed under a visuomotor reversal scenario to equivalent times as when no visuomotor reversal was present. To our knowledge, these results provide the first evidence that tools with complex kinematics are incorporated into the body schema at a level that enables them to be incorporated in rapid, online modifications of movement trajectories. This finding fits well with contemporary research demonstrating functional changes in the body schema associated with active tool use. Previous research has shown that extended tool use can change both the user's perceptual representation of peripersonal space (Berti and Frassinetti 2000; Farne et al. 2005; Witt et al. 2005 ) and neuronal activity of cells within premotor and parietal regions that respond to both sensory and visual information (Inoue et al. 2001; Maravita and Iriki 2004; Obayashi et al. 2001) . Additionally, recent research has shown that extensive tool use can alter somatosensory representations of intrinsic properties of arm configuration (Cardinali et al. 2009 ).
The present study focused on two specific measurements of motor performance during a visuomotor reversal: the reaction time required for initiating movements (experiment 1) and the time required to initiate online corrections in response to a target suddenly jumping location (experiment 2). We found that the presentation of a virtual tool that visually represented the transformation that was required was sufficient to reduce the reaction times and to restore corrective mechanisms used to respond to a jump in target location. Analyses on the movement duration and the duration of the corrective response were consistent with these findings, with both movement duration and the duration of the corrective response suggesting more efficient movement planning and control in the visible tool condition compared with the nonvisible tool condition. Overall, the reaction time data of the control condition are in line with previous studies. Specifically, a reaction time of up to 300 ms to a visual stimulus requiring a movement-related response and a reversal effect of ϳ100 ms have been reported for a number of similar tasks (Dean et al. 2011; Fernandez-Ruiz et al. 2011; Gritsenko and Kalaska 2010; Sommer et al. 2001) . Although there has been evidence that physical tool use can restore stimulus response compatibility and thus reduce reaction times during reversal scenarios (Guiard 1983; Hommel 1993; Riggio et al. 1986) , this is the first behavioral study to demonstrate that tool use is incorporated in fast corrective mechanisms that are considered to represent low-level, automatic responses (Gritsenko and Kalaska 2010; Pelisson et al. 1986; Pisella et al. 2000) .
The presence of a main effect of reversal on reaction time in both the control condition and the tool conditions of experiment 1 confirmed that there is a reaction time cost associated with performing visuomotor reversals under these conditions. Previous research has demonstrated similar movement initiation costs with a variety of methodologies including antipointing (Fischer and Weber 1997; Guitton et al. 1985; Neely and Heath 2009), cursor-target remapping (Fernandez-Ruiz et al. 2007; Newport et al. 2006) , and reversing prisms (Cunningham 1989) . It is therefore not surprising that in all conditions a main effect of reversal was demonstrated. The present results demonstrate that a toollike visual representation of the reversal can decrease this cost in initiating movements, as reflected in the significant interaction between vision and reversal on the reaction times in participants who experienced the nonvisible conditions before the visible conditions (i.e., order 1). When these participants were presented with a visible tool, the temporal costs associated with response preparation toward the targets under the visuomotor reversal were significantly reduced. Interestingly, the benefit of visual information related to the tool is present in a relatively short period of time, within just a few trials for most conditions. This incorporation of the tool appears to occur much faster than the exposure previously reported to induce changes at the neuronal level in the monkey within the parietal lobes (Hihara et al. 2006; Iriki et al. 1996) , but in a timeline consistent with human neuroimaging work (Schaefer et al. 2004) , suggesting that perhaps previous experience we have using the simplistic tools employed in the present experiment allows for their rapid incorporation into movement planning (see also Ingram et al. 2010) . Within humans, neuronal plasticity within primary somatosensory cortex (Schaefer et al. 2004 ) and posterior parietal cortex (PPC) (Inoue et al. 2001 ) related to tool use was observed during brief exposure to a simplistic tool. Future studies examining more complicated and/or novel tools for which participants would have no previous experience may shed additional light on this question.
It is important to note that there was an increase in the percentage of errors in both the visible and nonvisible conditions of experiment 2 compared with the control condition in which no reversal was required. Although successful incorporation of the virtual tool into movement planning occurred within the first 20 practice trials, the error data suggest that this incorporation is not present for all participants and/or is not successful during all trials. Future research would be well served by specifically examining individual differences in the ability to utilize this information across participants.
Previous research investigating the online control of goaldirected movement has shown that, when presented with a double-step paradigm in which the target jumps to a new location at reach movement onset, participants are able to make fast corrections to their initial trajectory to accommodate the shift in target location (Day and Brown 2001; Day and Lyon 2000; Gritsenko and Kalaska 2010; Paulignan et al. 1991; Pisella et al. 2000; Prablanc and Martin 1992) . It is thought that these rapid corrections are generated in part by the PPC, through the combination of multisensory information resulting in a current arm state estimate that can then be used to generate a rapid online correction at a level before conscious perception of target location is achieved (Desmurget et al. 2004; Kalaska et al. 1983; Mulliken et al. 2008) . Indeed, participants are normally unaware of small target jumps that occur immediately before, during, or shortly after gaze shifts to the initial target, in part as a result of the saccadic suppression of the image displacement phenomenon (Bridgeman et al. 1975 ). Addition-ally, these reach errors that result from such jumps are within the range of errors that can be expected because of normal movement variability Pelisson et al. 1986 ), making such error corrections commonplace for the visuomotor system.
It is important to note that the movement correction times reported in the present study are significantly higher than most previously cited studies that utilized a double-step paradigm. For example, Day and Lyon (2000) reported corrective response latencies occurring as early as 120 ms, whereas we find responses to a jump in target location occurring at 420 ms in the visible tool nonreversal condition. These baseline response latencies are likely a function of the experimental setup, the specific experimental task, and the analysis employed to detect when a movement correction has been made. However, within an experiment, these factors should remain constant across conditions. Therefore, we interpret the fact that the movement corrections for both the visible nonreversal and visible reversal condition occurred at the same time to mean that a partial restoration of the corrective response was achieved. However, an alternate hypothesis is that all movement corrections reported (even those that did not require a reversal) were on a timescale consistent with voluntary cognitive responses. The present study is unable to experimentally distinguish these two competing hypotheses. Day and Lyon (2000) examined whether participants had cognitive control of these corrective movements. In their study, there was an observable shift of target location 25 ms after movement onset. Participants were instructed either to follow the target to its new location or to move in the opposite direction. When participants were explicitly instructed to point away from the target, 24% of trials contained movement corrections within the 125-160 ms "automatic" latency range. Movement directions of trials within this latency range could not be reversed, with participants continuing to point to the target's new location. Similar results were obtained in a study in which a change in target color instructed participants whether they should incorporate the new target location into their movement or interrupt their movement upon noticing that the target had changed color. In this experiment, participants often made automated corrections to a target jump, despite instructions to do otherwise. However, when a color change in target was used as an instruction as to which act participants were to perform, such fast corrections were not observed (Pisella et al. 2000) .
Recently, Gritsenko and Kalaska (2010) examined doublestep task performance in a visuomotor reversal scenario. These authors trained participants to generate target-directed reaching movements under a left-right visuomotor reversal and found that, even when the visuomotor reversal was highly practiced, movement trajectory corrections occurred 100 -200 ms later than in normal, nonreversed, reaching. Furthermore, those trajectory modifications occurring on a timescale consistent with early automatic corrections were significantly more likely to be incorrectly performed, resulting in hand movements in the same direction as the target jump and cursor movements in the opposite direction Kalaska 2007, 2010) . These results indicate that learning a visuomotor reversal may result in a volitional suppression of the fast online correction system that is typically responsible for correcting small displacements in target location, but does not result in its adaptation. In normal circumstances such a limitation makes sense, as we are unlikely to encounter situations in which sensory inputs and outgoing motor commands would have a reversed relationship. In contrast to previous research, when shown a visible tool that instantiated a visuomotor reversal participants in experiment 2 were able to modify their movement trajectories at time intervals on par with conditions in which no visuomotor reversal was present. This suggests that the reversal limitation in the online correction mechanism is not fundamentally grounded in the direction of the required arm movement itself but is instead related to the direction of required movement of the controlled end point, which may be opposite the direction of the hand when using a tool with complex kinematics.
Pisella and colleagues (Pisella et al. 2000) report on a patient who failed to demonstrate fast, online correction in response to a sudden jump in target location after bilateral PPC damage, suggesting that the dorsal stream of visual information is a likely substrate for online corrections in movement trajectory. This finding is supported by recent transcranial magnetic stimulation (TMS) studies demonstrating that when a TMS pulse was applied over the left PPC during target presentation, a disruption of normal movement path corrections occurred (Desmurget et al. 1999) . Additionally, the location of the PPC between areas where elementary stimulus analysis and motor output generation occur (MacKay 1992; Sakata and Taira 1994) makes it a prime candidate for such computations. The PPC has also been implicated in the integration of tools into the body schema. Specifically, the visual receptive fields of bimodal neurons within the intraparietal sulcus (IPS) have been shown to elongate from the hand along the body of a utilized tool to the tip when a monkey was trained to use a rake to retrieve food (Iriki et al. 1996) . Similar results have been found with PET and human participants, with tool-dependent activation observed within the IPS (Inoue et al. 2000) . Therefore, it appears that tool use and rapid responses to sudden jumps in target locations are utilizing similar brain regions, and this may facilitate the interaction of these mechanisms. An interesting follow-up to partially address this possible interaction would be the examination of parietal lobe-damaged patients' abilities to incorporate tools into the body schema, as opposed to the general examinations of ideomotor apraxia that commonly arises after left hemisphere parieto-frontal damage.
Apart from a better understanding as to how tools are incorporated into movement plans, the presented results may also have direct implications for the type of information virtual reality and teleoperative devices should provide to the people using them. Although these systems typically provide visual (and sometimes haptic) feedback of effector end points to the operator, the present findings suggest that visual representations of the linkages between the user's hand movements and the resultant movements of the effector's end points would provide a better integration of the teleoperative device. This could have substantial implications where speed and accuracy are a necessary requirement of the system. 
